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We analyzed the seasonal and interannual variability of the planktonic communities in a densely sampled
region of the northeastern Chukchi Sea as part of a multidisciplinary ecosystem study from 2008 to 2010.
Observations of chlorophyll-a, inorganic macronutrients, and zooplankton (using both 150-mm and 505-mm
mesh nets) weremadewithin two 900-NM 2 grids (Klondike and Burger) at high spatial resolution three times
each in 2008 and 2009, with a third grid (Statoil) sampled twice in 2010. Sea-ice conditions prior to sampling
varied notably during the study: seasonal sea ice retreat was earlier and sea-surface temperatures (SSTs) were
warmer in 2009 than in 2008, whereas SSTs for 2010 were intermediate between the 2008 and 2009 values.
Eighty taxonomic categories of zooplankton, including 11 meroplanktonic categories, were recorded, with the
greatest diversity found within the copepods (25 species), followed by the cnidarians (11 species). All species
are typical for the region and most are seeded from the Bering Sea. A seasonal progression of the community
structure was apparent over each survey area and was likely inﬂuenced by temperature. Cold oceanographic
conditions in 2008 likely slowed growth and development of the zooplankton, such that holozooplankton
abundance averaged 2389 and 106 individuals m–3 and biomass averaged 10.5 and 8.3 mg DWm–3 in the
150- and 505-mm nets, respectively. An early phytoplankton bloom in 2009 apparently supported a
zooplankton community of greater abundance, but moderate biomass, averaging 6842 and 189 indivi-
duals m–3, and 16.3 and 7.0 mg DWm–3 in the 150- and 505-mm nets, respectively. Highest zooplankton
abundance and biomass values among the three years occurred in 2010: 7396 and 198 individuals m–3 and
102.9 and 33.5 mg DWm–3 in the 150- and 505-mm nets, respectively. Holozooplankton biomass changes
were driven by increases in large-bodied, lipid-rich copepods. The contribution of meroplankton was
substantial in this shallow-water ecosystem: numerically, they contributed 28% in 2008, 8% in 2009 and
56% in 2010 to the total zooplankton community and 43%, 27%, and 11%, respectively, terms of biomass for
the 150-mm nets. Interannual differences in ice-melt timing, water temperatures, northward transport of
water masses, and nutrients and chlorophyll concentrations resulted in highly variable pelagic productivity.
& 2012 The Authors. Published by Elsevier Ltd.Open access under CC BY-NC-ND license.1. Introduction
The Chukchi Sea sustains a dynamic ecosystem at the Paciﬁc
Ocean’s gateway into the Arctic Ocean where climate variability
combines with the complex interplay of several distinct water masses
of Paciﬁc origin. Large quantities of Paciﬁc-derived nutrients, phyto-
plankton, and zooplankton enter the region through the Bering Strait
within three distinct water masses (i.e., Alaska Coastal Water, Bering
Shelf Water, and Anadyr Water), each with unique assemblages and
quantities of zooplankton (Springer et al., 1989; Coyle et al., 1996;
Hopcroft et al., 2010). It is estimated that 1.8 million metric tonnes of
Bering Sea zooplankton are carried into the Chukchi Sea annuallyer Ltd.
: þ1 907 474 7204.
stel),
laska.edu (R.R. Hopcroft).
Open access under CC BY-NC-N(Springer et al., 1989) and that these zooplankton, along with the
entrained phytoplankton communities, are responsible for the higher
pelagic productivity of the Chukchi Sea than in adjoining regions of
the Arctic Ocean (e.g., Plourde et al., 2005). The pelagic productivity is
either transferred through zooplankton to higher trophic levels such
as planktivorous ﬁshes, seabirds, andwhales, exported to the sea ﬂoor
(e.g., Carroll and Carroll, 2003; Grebmeier et al., 2006), or advected
northward to the deep Arctic basins (e.g., Grebmeier et al., 2006).
During ice-free periods, the southern Chukchi Sea’s zooplankton
fauna is primarily Paciﬁc in character (Hopcroft et al., 2010). During
the summer, nutrients and zooplankton of Paciﬁc origin are diluted
by waters from the Siberian Coastal Current and deeper regions of the
Canada Basin and Chukchi Plateau (Grebmeier et al., 1995). None-
theless, Paciﬁc species are commonly carried northward as far as the
eastern side of Wrangel Island (Hopcroft et al., 2010). The inﬂux of
these ‘‘rich’’ Paciﬁc waters inﬂuences the reproductive success of both
the imported and resident zooplankton communities (Plourde et al.,
2005; Hopcroft and Kosobokova, 2010). Both interannual and long-
term climate variation affect the relative transport of these variousD license.
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stock, and production of zooplankton and their predators within the
Chukchi Sea.
Over the past decade, our understanding of the zooplankton
communities of the Chukchi Sea has improved considerably due
to synthetic activities (Hopcroft et al., 2008) and on-going
research (Lane et al., 2008; Hopcroft et al., 2010; Matsuno et al.,
2011). The regional community composition is now well docu-
mented and indicates moderate diversity, the most of which is
contributed by copepods (e.g., Sirenko, 2001; Sirenko et al., 2010).
As with most oceanic regions, copepods dominate in abundance
and biomass, but larvaceans and meroplankton contribute sig-
niﬁcantly to community abundance and biomass in the Chukchi
Sea (Lane et al., 2008; Hopcroft et al., 2010). Similarly, a dozen
species of jellyﬁsh and two species of chaetognaths are important
predatory components of the zooplankton community (Hopcroft
et al., 2005, 2010; Lane et al., 2008).Fig. 1. Locations of the Klondike, Burger, and Statoil survey grids in the northeastern
currents for the region (lower left panel).In this study we employed a ﬁxed-station design sampled at
high resolution repeatedly over the open-water period during
three consecutive years to reﬁne our understanding of the seasonal
and interannual variability of the Chukchi Sea zooplankton
community. Concurrent measurements of phytoplankton, nutri-
ents, and physics provide the environmental context with which
to interpret these patterns within the framework of a multi-
disciplinary effort that includes other ecosystem components
(i.e., Day et al., 2013).2. Material and methods
2.1. Study area description
Sampling in the northeastern Chukchi Sea was conducted from
late-July to mid-October (i.e., the entire ice-free period) duringChukchi Sea. Station layout for each survey grid (upper panel) with generalized
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collected in two 900-NM 2 (3000-km2) study-area boxes
(named Klondike and Burger) three times each year at 25 ﬁxed
oceanographic stations spaced 7.5 NM (13.8 km) apart (Fig. 1).
In 2010, a third 900-NM 2 irregularly shaped study-area box
(named Statoil) with 22 ﬁxed oceanographic stations was added
to the sampling regime that was surveyed twice along with
Klondike and Burger; however, only Burger was sampled a third
time in September/October. Bottom depths over both survey
areas varied from 35 m to 45 m.
2.2. Sample collection
Phytoplankton biomass was assessed as chlorophyll-a concen-
trations from samples collected with 4-L Niskin bottles on a
Seabird SBE25/SBE55 CTD rosette (Weingartner et al., 2013)
during upcasts at 6 depths per station: surface, 5 m, 10 m, 20 m,
30 m, and 3 m above the sea ﬂoor. Samples were ﬁltered under
low pressure onto 47-mm Whatman GF/F ﬁlters, then frozen at –
20 1C for post-cruise analysis (Parsons et al., 1984). Nutrient
samples were taken from the same Niskin bottles as chlorophyll,
frozen immediately, then analyzed post-cruise for nitrate, phos-
phate, and silicate concentrations (Whitledge et al., 1981; Gordon
et al., 1993).
Smaller zooplankton were collected at each station by paired
150-mm-mesh ring nets of 60-cm diameter hauled vertically from
within 3 m of the bottom to the surface at 0.5 m s–1 while the ship
remained stationary. The volume of water ﬁltered by the ring nets
was measured by Sea-Gear one-way ﬂowmeters mounted in the
mouth of each net. To target larger, more mobile zooplankton, a
set of 60-cm-diameter 505-mm Bongo nets were deployed in a
double oblique tow with the ship moving at an average speed of
2 kt (1 m sec–1). All nets were of MARMAP design. The volume
of water ﬁltered by the bongo nets was measured by General
Oceanics ﬂowmeters mounted in the mouth of each net. In 2008,
oblique tows were done for 20 min; in 2009 and 2010, these tow
durations were decreased to 10 min to improve sample quality.
Zooplankton samples were preserved in 10% formalin buffered
with sodium hexametaphosphate. Large cnidarians and cteno-
phores were removed, measured, photographed, identiﬁed, and
then discarded prior to sample preservation.
2.3. Sample processing
Frozen ﬁlters from all oceanographic ﬁxed stations were
extracted in the dark at –20 1C for chlorophyll-a using 95%
acetone for 24 h, with concentrations determined ﬂuorometri-
cally post-cruise (Parsons et al., 1984) using a Turner Trilogy
Fluorometer. Integrated chlorophyll concentrations were calcu-
lated by assuming each depth represented the concentration to
the midpoint depth between each sampling interval. Frozen
nutrient samples were analyzed post-cruise using an Alpkem
Rapid Flow Analyzer (Whitledge et al., 1981) with methodology
that adhered to WOCE standards (Gordon et al., 1993).
Formalin-preserved samples from half the stations evenly
spaced across the grid in each survey area were processed to
determine species composition, abundance and biomass. Larger
organisms (primarily shrimp and jellyﬁsh) were removed, enum-
erated, measured, and weighed (to 710 mg). The samples were
then split with a Folsom splitter until the smallest fraction
contained about 100 specimens of the more abundant taxa.
Specimens were identiﬁed to the lowest taxonomic category
possible, staged where appropriate, enumerated, and measured
(Roff and Hopcroft, 1986). Increasingly larger fractions were
examined to identify, measure, and enumerate the larger, less
abundant taxa, particularly in the 505-mm net, which typicallycaptures the largest taxonomic diversity. A minimum of 300, and
more typically 400–600 , individual organisms were identiﬁed
from each sample.
If earlier copepodites could not be distinguished, they were
grouped with the sibling species; in contrast, all adults were
identiﬁed to species. Calanus glacialis and Calanus marshallae
copepodites and adults are often difﬁcult to distinguish; for
pragmatic reasons, they were aggregated as C. glacialis, the more
prevalent species in the region (Nelson et al., 2009). The larger
Calanus hyperboreus was distinguished by size (e.g., Unstad and
Tande, 1991; Hirche et al., 1994). The dry weight (DW) of each
specimen was predicted from species-speciﬁc length–weight
relationships, or from relationships of a morphologically similar
species of mero- or holozooplankton (Hopcroft et al., 2010).2.4. Data analysis
A three-way analysis of variance (ANOVA) test was conducted
with the statistical package R (V2.15.1). A 4th root transformation
was performed on macronutrients, chlorophyll-a, and zooplankton
abundance and biomass data to test for signiﬁcant interactions
among site (Klondike, Burger, and Statoil), year (2008–2010), and
cruise (July/August, August/September, and September/October).
P-values r0.05 were considered signiﬁcantly different.
To examine the relationship between individual samples,
statistical analysis was done using the PRIMER (V6) software
package, which has become a useful tool in revealing patterns in
zooplankton communities (e.g., Wishner et al., 2008; Clarke and
Warwick, 2010). Data sets were power transformed (4th root),
and the Bray–Curtis similarity index was calculated among
stations employing all taxonomic categories that contributed at
least 3% to any sample in that dataset. Signiﬁcant groups within
the hierarchical clustering were established with the SIMPROF
routine, and these clusters were superimposed on the 2D and 3D
plots of the multi-dimensional scaled (MDS) datasets, as well as
spatial plots of the data. Relationships linking observed zooplank-
ton community patterns with normalized physical data (above
and below the thermocline) and integral chlorophyll were
explored using PRIMER’s BEST routine. The BEST routine estab-
lishes the relationship between the multidimensional community
matrix and the environmental variables using both forward-
selection and backward-elimination techniques. Seasonal shifts
of the zooplankton communities in each study site for each cruise
across years was depicted by plotting centroid markers calculated
from averaged station positions given by the optimal projection in
the 2D MDS plots. This approach enables both the direction and
the magnitude of change in community evolution within and
among years to be interpreted.3. Results
3.1. Temperature
In 2008, water-column temperatures were the lowest recorded
over the three study years’ surveys, with the highest SSTs at
Klondike reaching 6 1C in September/October and those at
Burger reaching 2 1C in August/September (Fig. 2). In 2009,
both Klondike and Burger had the highest SSTs in July/August,
with temperatures reaching 8 1C and 6 1C, respectively, and
representing the warmest temperatures observed over the entire
study (Fig. 2); SSTs actually declined as the season progressed.
In contrast, the system warmed up in 2010 later than in 2009,
with the warmest SSTs (7.5 1C) recorded in Klondike in August/
September. Overall, all three years displayed similar temperature
Fig. 3. Integrated chlorophyll-a plotted over a log scale in the Klondike, Burger, and Statoil grids in the Chukchi Sea from 2008 to 2010.
Fig. 2. Temperature (1C) averaged over the upper 10 m of the water column for the Klondike, Burger, and Statoil grids in the Chukchi Sea from 2008 to 2010.
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maintained warmer SSTs than did Burger and Statoil.
3.2. Chlorophyll-a and nutrients
Chlorophyll-a concentrations in 2008 declined over all sites as
the summer progressed, with highest integrated values found
over Burger during July/August associated with the ice-edge,
reﬂecting the initiation of the seasonal phytoplankton bloom.
The lowest chlorophyll-a values were recorded over Klondike in
September/October (Fig. 3, Table 1). On all cruises, a pronounced
chlorophyll-a maximum occurred between 20 m and 30 m at
most stations (Fig. 4a). Peak concentrations of inorganic nutrients
(nitrate, phosphate, and silicate) also occurred in this subsurface
chlorophyll maximum, but nutrient concentrations were gener-
ally irregular throughout the sampling region and depleted
throughout surface waters. These patterns were more pro-
nounced in Klondike than Burger (Fig. 4a). Maximal chlorophyll-
a and nutrient concentrations typically occurred in subsurface
waters, at and near the pycnocline.
In 2009, both chlorophyll-a and nutrients were depleted at all
depths in the water-column on all cruises, indicating that sam-
pling occurred post-bloom (Fig. 4b). There was no clear seasonal
or spatial pattern in nutrient proﬁles, but concentrations were
slightly higher in Burger than in Klondike except for the Septem-
ber/October cruise, when overall concentrations were elevated,
especially in Klondike (Fig. 4b).
In 2010, the latter part of the phytoplankton bloom was
observed during the July/August cruise (Fig. 3); chlorophyll-a
and nutrient concentrations were depleted from the surface
layers but frequently had peaks between 20 m and 30 m at most
stations (Fig. 4c). At Klondike, most subsurface chlorophyll and all
subsurface nutrients were depleted at all depths on both surveys.
In contrast, Burger and Statoil showed subsurface nutrients and
chlorophyll in July/August that then declined at Statoil, but not
Burger, in August/September. On all cruises Burger retained deep
pools of nitrate and silicate. These observations suggest Klondike
was sampled post-bloom in July/August, whereas the bloom was
in its ﬁnal stages at Burger and Statoil. It is unclear how the high
subsurface chlorophyll and nutrients persisted throughout the
summer at Burger, but they are clearly coupled. Different advec-
tion rates of phytoplankton and nutrients among the survey areas
likely contribute to some of the observed differences.
Both nutrients and chlorophyll concentrations showed signiﬁ-
cantly different interactions when tested against site, year, and
cruise (P-value r0.05, Table 2). This hierarchal grouping signiﬁes
that the magnitude of concentrations were different not only
across all three years in the study sites but also between
individual cruises, both seasonally and interannually.
3.3. Zooplankton abundance, biomass, and composition
A total of nearly 500 samples split equally between two net
mesh-sizes were analyzed during this three-year study. WeTable 1
Average integral chlorophyll concentrations (mg m–2) in the Klondike, Burger, and
Statoil survey grids in the Chukchi Sea from 2008 to 2010.
Cruise 2008 2009 2010
Klondike Burger Klondike Burger Klondike Burger Statoil
August 62.5 104.8 17.6 21.4 46.1 42.7 66.3
September 25.1 47.1 16 20.1 26.2 40.2 26.3
October 21.8 30.9 27.2 25.1 Not
sampled
42.2 Not
sampledrecorded 13 major taxonomic groups representing 70 species,
plus 11 meroplanktonic categories, over the study period. In 2008,
holozooplankton abundances averaged 2381 and 106 indivi-
duals m–3 and biomass averaged 10.5 and 8.3 mg DWm–3 in the
150- and 505-mm nets, respectively (Table 3). In 2009, a higher
abundance but moderate biomass was recorded for the holozoo-
plankton community that averaged 6842 and 189 individuals m–3
and 16.3 and 7.0 mg DWm–3 in the 150- and 505-mm nets,
respectively (Table 3). In 2010, overall holozooplankton abun-
dances were similar to those in 2009, but their biomass was much
higher than in 2009: 7396 and 198 individuals m–3 and 102.9 and
33.5 mg DWm–3 in the 150- and 505-mm nets, respectively
(Table 3). These increases in the biomass of holozooplankton in
2010 were driven by increases in the abundance of large-bodied,
lipid-rich copepods. Although species-composition varied within
and among years, samples were generally dominated numerically
by the copepods Pseudocalanus spp., Acartia spp., C. glacialis, and
Oithona similis; the larvaceans Fritillaria borealis and Oikopleura
vanhoeffeni; and meroplanktonic stages of bivalves, barnacles,
and polychaetes (Table 3). C. glacialis and the chaetognath
Parasagitta elegans dominated the biomass, with O. vanhoeffeni,
Pseudocalanus spp., and the jellyﬁsh Aglantha digitale next in
abundance (Table 3).
The contribution of meroplankton was substantial, but their
patterns of abundance and biomass varied among years more
than those of holozooplankton did, thereby blurring patterns for
total zooplankton (Table 3). In 2008, meroplankton abundance
averaged 948 and 84 individuals m–3 and biomass averaged
7.8 and 0.8 mg DWm–3 in the 150- and 505-mm nets, respectively
(Table 3). Meroplankton numbers declined in the warm 2009
conditions, when we recorded 625 and 7 individuals m–3 as
6.0 and 0.2 mg DWm–3 in the 150- and 505-mm nets, respec-
tively. In 2010, we recorded 9315 and 22 individuals m–3 and 12.1
and 0.2 mg DWm–3 in the 150- and 505-mm nets, respectively
(Table 3); this intensiﬁcation in 2010 resulted from increased
abundances of small bivalve and, to a lesser extent, polychaete
and ophiuroid larvae. In all three years, barnacle larvae contrib-
uted the greatest biomass for all meroplanktonic categories,
although they are not consistently captured by the 505-mm net.
Decapod larvae appear to be the meroplankton captured most
reliably by the 505-mm mesh nets. To place the contribution of
meroplankton in perspective, they contributed 28% of numbers in
2008, 8% in 2009, and 56% in 2010 to the total zooplankton
community in the 150-mm net and contributed 44%, 4%, and 10%,
respectively, in the community caught by the 505-mm nets.
In contrast, their contribution to biomass declined across years,
from 43% to 11% in the 150-mm nets and from 9% to 0.6% in the
505-mm nets.
Overall, the patterns observed in the zooplankton commu-
nities can be attributed to a combination of interactions among
site, year, and/or cruise for the major zooplankton categories
(Table 2). Abundance, and to a lesser extent biomass, data from
the 150-mm net showed signiﬁcant differences inﬂuenced by the
site, year, and cruise interaction. In contrast, this hierarchal three-
way interaction was variable and had less of an impact for both
abundance and biomass data from the 505-mm net. As antici-
pated, year provided to be the strongest variable for the signiﬁ-
cant differences observed among the zooplankton taxonomic
categories collected by the 505-mm nets. A comparison by
sampling period across the three years does not show large
differences in abundance during July/August (Figs. 5 and 6),
although there is a suggestion of lower abundance of copepods
in 2008 than in subsequent years. There was, however, signiﬁ-
cantly higher biomass of chaetognaths in July/August 2010
than in prior years and signiﬁcantly higher biomass of large
copepods in 2010 than in 2008 and 2009 (Figs. 7 and 8).
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Fig. 4. Depth distributions of nitrate, phosphate, and chlorophyll–a concentrations in the Chukchi Sea for all stations in Klondike, Burger, and Statoil per cruise for 2008
(4a), 2009 (4b), and 2010 (4c). Silicate data not shown. Data points offset by 71 m for Klondike and Burger, respectively. Klondike (red circle); Burger (blue circle); and
Statoil (green circle).
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Table 2
Three-way analysis of variance (ANOVA) of macronutrients, chlorophyll-a, and the major taxonomic groups by site (Klondike, Burger, and Statoil), year (2008, 2009, and
2010), and cruise (July/August, August/September, and September/October) in the northeastern Chukchi Sea. Bold values are signiﬁcantly different (Pr0.05).
Site Year Cruise Site: year Site: cruise Year: cruise Site:year: cruise
Nuts and Chl PO4 0 0 0 0.001 0.12 0 0
NO3 0 0 0 0 0.154 0 0
SiO4 0 0 0 0 0 0 0
Chlorophyll-a 0 0 0 0 0.007 0 0.01
150-mm abundance Copepods 0 0 0 0 0 0 0.007
Copepod nauplii 0 0 0 0.003 0.005 0 0.236
Larvaceans 0.171 0 0.252 0.268 0.848 0 0.733
Chaetognaths 0.729 0 0.002 0.026 0.701 0.345 0.004
Hydrozoans 0.037 0.219 0 0.002 0.005 0.005 0
Meroplankton 0 0 0 0 0 0.001 0
Scyphozoans 0.543 0.341 0.365 0.413 0.54 0.38 0.286
Pteropods 0.136 0 0.001 0.002 0 0 0
Euphausiids 0.039 0.098 0.908 0.429 0.193 0.838 0.511
Other 0.003 0 0.001 0 0.002 0 0
505-mm abundance Copepods 0.442 0 0.076 0 0.281 0.04 0.055
Copepod nauplii 0.659 0.021 0.256 0.562 0.613 0.113 0.571
Larvaceans 0.21 0 0.294 0.43 0.456 0.151 0.081
Chaetognaths 0.786 0.05 0.43 0.394 0.714 0.807 0.426
Hydrozoans 0.614 0.114 0.022 0.004 0.586 0.34 0.069
Meroplankton 0.091 0 0.031 0.622 0.092 0.306 0.045
Scyphozoans 0.23 0.848 0.945 0.299 0.904 0.314 0.355
Pteropods 0.088 0 0.819 0.001 0.284 0.921 0.882
Euphausiids 0.001 0 0 0 0.004 0 0
Other 0.009 0.013 0.521 0.406 0.02 0.863 0.934
150-mm biomass Copepods 0 0 0.247 0.7 0.129 0.157 0.38
Copepod nauplii 0 0 0.014 0.001 0.173 0 0.032
Larvaceans 0.017 0 0.307 0 0.856 0.514 0.655
Chaetognaths 0.128 0 0.002 0.002 0.741 0 0.491
Hydrozoans 0 0 0.342 0 0 0.112 0
Meroplankton 0 0.736 0.091 0.372 0.007 0.621 0.236
Scyphozoans 0.916 0.163 0.588 0.062 0.962 0.499 0.787
Pteropods 0.007 0 0.056 0.004 0 0.034 0.016
Euphausiids 0.003 0 0.579 0.038 0.034 0.086 0.063
Other 0.002 0 0 0.044 0 0 0.009
505-mm biomass Copepods 0.002 0 0.415 0.144 0.399 0.004 0.159
Copepod nauplii 0.248 0.001 0.101 0.234 0.029 0.23 0.021
Larvaceans 0.942 0.007 0.071 0.41 0.495 0.116 0.722
Chaetognaths 0.001 0 0.001 0.005 0 0 0
Hydrozoans 0.097 0.031 0.124 0.481 0.383 0.501 0.446
Meroplankton 0.232 0 0.066 0.216 0.625 0.28 0.888
Scyphozoans 0.843 0.08 0.946 0.056 0.506 0.554 0.647
Pteropods 0.09 0.041 0.003 0.125 0.185 0.006 0.031
Euphausiids 0.84 0.637 0.901 0.183 0.263 0.151 0.391
Other 0.172 0 0 0.325 0.288 0 0.691
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and cnidarians was higher in 2010 than in previous years
(Figs. 5 and 6), and the biomass of copepods, meroplankton,
hydrozoans, chaetognaths, and the ’’other’’ category were also
greater in 2010 than in previous years (Figs. 7 and 8). In
September/October, larvacean abundance was signiﬁcantly higher
in 2009 than in 2008 and 2010, whereas copepod abundances was
signiﬁcantly higher in 2009 and 2010 than in 2008 (Figs. 5 and 6);
biomass again showed a progressive increase in copepods and
chaetognaths across years, along with a peak in hydrozoans in the
Burger prospect for 2010 (Figs. 7 and 8).
In the 150-mm nets, abundance of the copepod genera Oithona,
Pseudocalanus, Acartia, Calanus, and Metridia increased across all
three years; the abundance of the cyclopoid copepod Oncaea
and the larvacean Fritillaria were highest in 2009 and of both
Centropages and Oikopleura were higher in 2008 and 2010 than in
2009 (Fig. 9a and b). Within the meroplankton, the abundance of
barnacle larvae (nauplii plus cyprids) declined seasonally but
showed no clear interannual pattern, whereas abundance of poly-
chaete and bivalve larvae increased dramatically in 2010 (Fig. 9b).
In the 505-mm nets, the abundance of the large copepod C. glacialisin 2010 was several-fold higher than that of previous years,
whereas the abundance of Neocalanus and Eucalanus was extre-
mely low in 2009 and higher in 2008 and 2010 (Fig. 10). The
different abundance patterns observed between net types for C.
glacialis arise because young, smaller stages of copepodites that are
not retained well by the 505-mm net, were more abundant in 2009.
The mucous-net feeding larvaceans Oikopleura and Fritillaria had
reciprocal patterns of abundance, with the abundance of Fritillaria
highest in 2009 and that of Oikopleura highest in 2008 and 2010
(Fig. 10). Thysanoessa spp. and their larval stages were variable in
abundance, but were highest in 2009 and 2010 and lowest in 2008
(Fig. 10). Among the larger predators, the abundance of the
cnidarian A. digitale was highest in 2010, the abundance of the
ctenophore Mertensia ovum was highest in 2009 and 2010 (none
were detected in 2008), and the abundance of the chaetognath P.
elegans was higher in 2010 than in prior years (Fig. 10).
Comparison of the copepod size spectra between nets and
across seasons provides further resolution to the observed
patterns. Based on the 150-mm collections (Fig. 11), far more
copepods in all size categories occurred in 2010 than in 2008
and 2009, with 2008 being lowest in individuals 41500 mm in
Table 3
Average abundance and biomass across all samples examined of zooplankton species observed from 2008 to 2010 in the Chukchi Sea’s Klondike, Burger, and Statoil surveys. Data are presented for both vertical 150-mm ring net
collections and the 505-mm oblique tows. ’’Trace’’ refers to taxa found only once or twice during analysis and of insigniﬁcant biomass.
Abundance (Ind. m3) Biomass (mg DWm3)
150-lm mesh 505-lm mesh 150-lm mesh 505-lm mesh
2008 2009 2010 2008 2009 2010 2008 2009 2010 2008 2009 2010
Copepodsa
Acartia spp. 8.6 66.6 150.5 1.1 0.2 – Trace 0.01 0.02 Trace Trace –
A. longiremis 6.2 27.7 82.7 2.7 0.3 0.5 0.04 0.11 0.38 0.02 Trace Trace
A. hudsonica 7.6 6.2 2.1 0.3 – – 0.03 0.02 0.01 Trace – –
Eurytemora paciﬁca 4.1 1.1 0.4 0.5 Trace Trace 0.04 0.01 Trace 0.01 Trace 0.01
Calanus glacialis 14.6 57.7 123.6 9.4 12.6 62.4 2.62 6.83 16.54 1.46 2.48 10.99
Centropages abdominalis 38.0 15.3 54.1 4.4 0.1 1.4 0.09 0.04 0.15 0.02 Trace 0.03
Epilabidocera amphitrites 0.1 – – – Trace Trace Trace – – – Trace Trace
Eucalanus bungii 0.4 13.6 14.1 0.1 3.3 5.4 0.04 0.14 0.89 0.01 0.05 0.38
Heterorhabdus sp. (juvenile) – – Trace – – – – – Trace – – –
Metridia pacifca 3.2 3.1 13.5 0.1 0.1 2.0 0.02 0.01 0.17 Trace Trace 0.11
Neocalanus ﬂemingeri 0.8 – 2.2 0.3 – 1.3 0.45 – 1.58 0.20 – 0.63
Neocalanus plumchrus 1.5 – 0.4 0.1 Trace Trace 0.41 – 0.14 0.09 0.01 0.01
Neocalanus cristatus 0.1 Trace 0.2 0.1 Trace 0.2 0.35 0.10 0.97 0.36 0.01 1.41
Pseudocalanus male 6.7 6.5 42.2 1.7 Trace Trace 0.07 0.04 0.30 0.01 Trace Trace
Pseudocalanus spp. 555.6 494.9 1555.3 19.7 0.3 0.3 1.32 0.99 3.80 0.11 Trace 0.01
Pseudocalanus minutus 7.7 0.7 25.5 1.8 Trace 2.2 0.11 0.01 0.38 0.04 Trace 0.05
Pseudocalanus acuspes 18.0 6.3 51.1 2.8 Trace 1.2 0.23 0.06 0.54 0.03 Trace 0.02
Pseudocalanus newmani 14.6 33.8 127.2 2.9 0.2 0.1 0.10 0.17 0.71 0.02 Trace Trace
Pseudocalanus mimus 5.4 – 0.6 0.1 Trace Trace 0.07 – 0.01 Trace Trace Trace
Tortanus discaudata – – 0.1 Trace Trace Trace – – Trace Trace Trace Trace
Oithona similis 223.1 1235.5 1552.6 – – – 0.31 1.46 1.98 – – –
Triconia (Oncaea) borelais 3.9 49.4 8.6 – – – Trace 0.07 0.01 – – –
Harpacticoida 8.3 3.4 14.3 – – – 0.07 0.02 0.09 – – –
calanoid nauplius 295.0 324.6 1138.8 – – – Trace 0.28 0.97 – – –
cyclopoid nauplius 46.1 90.1 140.5 – – – 0.02 0.03 0.04 – – –
Larvaceans
Oikopleura vanhoeffeni 139.1 2.1 198.4 10.3 0.1 5.9 0.54 Trace 5.69 0.34 Trace 0.26
Fritillaria borealis 897.6 3808.5 1424.8 33.1 166.0 17.6 0.02 0.04 0.05 0.01 0.03 Trace
Pteropods
Limacina helicina 5.1 525.1 426.9 0.3 0.2 1.4 0.01 0.90 2.16 Trace 0.05 0.14
Clione limacine Trace Trace 0.1 Trace Trace 0.1 0.01 0.01 0.05 0.02 0.02 0.03
Cladocerans
Evadne nordmanni – – 1.7 0.1 – 1.2 – – 0.02 Trace – 0.04
Podon leuckartii 0.3 0.5 67.8 0.1 – 0.2 Trace Trace 0.62 0.12 – Trace
Euphausiidsb
Euphausiid calyptopis – 0.3 4.8 0.3 Trace 0.6 – 0.10 0.01 0.01 Trace 0.01
Euphausiid furcillia\juvenile 2.6 0.3 1.3 0.4 1.0 1.4 0.22 0.04 0.12 0.22 0.11 0.13
Thysanoessa inermis – – – 0.1 Trace Trace – – – 0.38 Trace 0.01
Thysanoessa raschii – – 4.8 Trace 0.2 0.3 – – 0.01 0.05 0.74 1.02
Thysanoessa spinifera – – 1.3 – Trace Trace – – 0.12 – Trace Trace
Shrimps and mysidsc
Hippollytidae (juveniles) – – 8.3 0.1 Trace 0.2 – – 9.10 0.18 0.01 0.15
Eualus gaimardii – – 0.2 0.1 – Trace – – 1.24 0.04 – 0.03
Pandalidae – – – – Trace – –– – – – 0.019 –
Amphipodsd
Themisto abyssorum/paciﬁca – – – Trace Trace Trace – – – 0.08 Trace 0.01
Themsito libellula Trace – 0.9 Trace Trace Trace 0.03 – 5.73 0.03 0.55 0.22
Hyperoche medusarum – – – – Trace Trace – – 0.01 – Trace 0.01
Gammaridae 0.1 – – – Trace – Trace – – – Trace –
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Hyperidae – Trace – Trace Trace – – 0.01 – Trace 0.01 –
Amphipod (misc.) – – – Trace Trace – – – – 0.01 Trace –
Ctenophores
Beroe cucumis 0.5 – Trace Trace – – 0.01 – 0.05 0.13 – –
Mertensia ovum – 1.0 1.2 – 0.1 0.2 – 0.58 3.82 – 0.56 0.87
Cnidarianse
Aeginopsis laurentii – – 13.0 – Trace 0.1 – – 0.29 – Trace Trace
A. digitale 35.1 12.7 51.9 5.3 0.9 17.3 0.63 0.22 6.06 0.81 0.68 4.18
Catablema vesicarium – 0.0 2.2 – Trace Trace – 0.02 8.71 – 0.01 0.03
Obelia spp. 1.9 1.6 0.9 0.4 Trace Trace 0.35 0.02 0.14 0.34 Trace Trace
Rathkea octopunctata 0.9 0.4 1.1 0.5 Trace Trace 0.01 Trace 0.01 0.11 0.11 Trace
Miscellaneous hydrozoans 7.8 – – Trace – Trace 0.50 – – 0.06 – 0.11
Aurelia aurita – – – – Trace Trace – – – – 0.68 0.06
Cyanea capillata – Trace Trace Trace Trace Trace – 0.03 0.05 – 0.52 0.40
Chaetognaths
Parasagitta elegans 20.6 53.5 80.8 6.2 3.2 11.6 1.81 3.93 29.08 2.63 0.33 11.94
Ostracoda – – – Trace Trace – – – – Trace Trace –
Cumacea – – – Trace Trace – – – – Trace Trace –
Total Holozooplankton 2381 6842 7396 106 189 198 10.5 16.3 102.9 8.3 7.0 33.5
Bivalve larvae 235.5 153.2 8011.9 5.5 Trace – 0.75 0.04 2.50 Trace Trace –
Barnacle cyprius 291.4 274.5 339.5 34.3 5.1 1.0 5.23 5.25 5.37 0.67 0.12 0.02
Barnacle nauplius 185.9 22.7 139.9 36.1 0.6 19.5 0.78 0.02 0.27 0.04 Trace 0.075
Decapod zoea 0.7 1.7 2.0 0.3 1.0 1.2 0.10 0.14 0.01 Trace 0.01 0.04
Megalops – 0.1 0.1 – 0.2 0.1 – 0.03 0.01 – 0.03 0.02
Polychaete larvae 197.3 132.0 663.2 7.2 Trace 0.8 0.88 0.55 3.86 0.10 Trace 0.03
Ophiuroid larvae 6.2 34.6 94.8 – – – 0.01 Trace 0.01 – – –
Asteroid bipinaria 5.8 0.4 3.5 Trace – – 0.01 Trace 0.01 Trace – –
Echinoid larvae 24.9 6.2 60.4 0.1 – – 0.01 Trace 0.04 Trace – –
Total Meroplankton 948 625 9315 84 7 22 7.8 6.0 12.1 0.8 0.2 0.2
Total Zooplankton 3329 7468 16711 189 196 220 18.3 22.3 115.0 9.1 7.1 33.7
a Trace amounts of the copepods Acartia tumida, Calanus hyperboreus, Clausocalanus sp., Microcalanus spp., Scaphocalanus spp., and Scolecithricella minor were found but not reported in the table.
b Trace amounts of the euphausiids specie Thysanoessa longipes was found but not reported in the table.
c Trace amount of the mysid Neomysis awatschens was found but not reported in the table.
d Trace amounts of the amphipod specie Hyperia galba/medusarum was found but not reported in the table.
e Trace amounts of the cnidarian species Bougainvillia supercilliaris, Euphysa ﬂammea, Sarsia tubulosa, Melicertum octocostatum, Chrysaora melanaster, Halitholus yoldiae-arcticae, and Ptychogena spp. were found but not
reported in the table.
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J.M. Questel et al. / Continental Shelf Research 67 (2013) 23–4132prosome length. These differences are more pronounced in biomass
spectra than abundance spectra. The spectral peaks between
1500 mm and 4000 mm reﬂect the stages of C. glacialis, with still
larger sizes contributed by Neocalanus species and Eucalanus bungii.
The 505-mm collections (Fig. 12) typically provide much more
robust data for copepods above 1200–1500 mm (Hopcroft et al.,
2001) and should progressively extrude copepods of decreasing size.
Only the 2010 data shows the expected pattern, with 2009 showing
a minor mode below 1000 mm and 2008 with an unexpectedly large
peak below 1000 mm.
The peaks below 1000 mm in 2008, and to a lesser extent in
2009, arose due to an excess retention of smaller-bodied cope-
pods (and other groups). This problem was most pronounced in
2008, when the larvacean Oikopleura and their mucus houses
were prevalent. We believe this was accentuated by tows of
nearly double the duration in 2008 than in subsequent years. This
longer towing time in 2008 caused larvacean houses to decrease
the effective mesh-size of the nets and the retention of smaller
zooplankton that should have normally passed through the net.
Based on knowledge of mesh-size retention and body-size spectra
(Hopcroft et al., 2001), we suggest that over-retention increased
the estimated abundance of copepods in the 505-mm net samples
by 35–40 individuals m–3(i.e., by 80%) and is probably respon-
sible for the higher abundance of Acartia spp., Centropages, and
Pseudocalanus spp. observed in 2008 than in 2009 and 2010. The
same postulations can be made for the meroplankton, especially
the barnacles, in which numbers were uncharacteristically higher
in 2008 than in subsequent years. The impacts of this bias on
biomass are much less than those for abundance because small
animals weigh little; they are estimated to be 0.24 mg DWm–3
(11%) of the copepod biomass in 2008.3.4. Zooplankton community patterns
Seasonally, the stations typically have 60–90 % similarity, with
slightly lower similarity among years. Consequently, the zoo-
plankton communities appear to be distinctly different in all three
years, with little overlap in their clustering and distinct domains
for multidimensional scaling of both 150-mm and 505-mm abun-
dances (Fig. 13). Interestingly, the 2008 data show a tighter
station clustering and higher within-year similarity than 2009
for the 505-mm samples, suggesting that one of the greatest
differences between these years was changes in size composition.
When looking at each year individually, patterns of commu-
nity dynamics become clearer. In 2008, ice covered much of the
study region (see Weingartner et al., 2013) when sampling was
initiated in mid-July . The July/August and August/September
cruises for Klondike clustered together, but warmer water tem-
peratures by late September shifted zooplankton communities in
the 150-mm nets into a different spatial domain (Fig. 13). In
Burger, however, changes in the zooplankton community from
one month to the next were small, suggesting that the commu-
nity’s ability to grow and reproduce was slowed by the cold
waters that persisted there. Stations in the 505-mm nets (Fig. 13)
were much more tightly clustered than those in the 150-mm nets,
having only a few outlier stations and little seasonal change.
In 2009, both Klondike and Burger showed almost identical
patterns of spatial trajectory in the 150-mm nets (Fig. 13). As the
season progressed from July/August to August/September, both
areas showed a distinct transition in community composition;
then, in September/October, the transition was again mirrored in
a reversal towards the initial conditions due to the early onset of
the fall cooling. The 505-mm nets (Fig. 13) at Klondike followed a
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transition from August/September to September/October. In con-
trast, Burger shifted much less than Klondike from July/August to
August/September, then progressed equally in September/Octo-
ber. Interestingly, given the dissimilarity in magnitude of change
between July/August and August/September, communities in
both Klondike and Burger during September/October are similar.
In 2010, the Statoil study area was added to the sampling
regime; in general, all three study areas showed similar seasonal
transitions in community structure for both the 150- and 505-mm
nets, with the most dramatic change observed in Klondike from
July/August to August/September (Fig. 13). Very little seasonal
change in community structure was seen in the 150-mm nets in
Burger from August/September to September/October, although a
larger increase was seen in the 505-mm nets, consistent with the
presence of much larger zooplankton species, especially the
genera of larger copepods such as Neocalanus and Calanus.
For the entire dataset, correlations with environmental vari-
ables were fairly strong for the zooplankton communities from
both net sizes (Table 4), with the strongest relationship associated
with bottom temperature. The only exception was for 2009,
where ﬂuorescence, both above and below the mixed-layer depth,
was the strongest relationship. In all cases, slight improvements
to the models were made when additional variables were added,
speciﬁcally surface temperature and ﬂuorescence (2008), tem-
perature and salinity (2009), and temperature, salinity, and
ﬂuorescence (2010). Although we have only presented the best
explanatory 1–3 -variable models, there was little improvement
by adding additional parameters. Furthermore, our analysis does
not allow us to determine when one model is signiﬁcantly
superior to another or the optimal number parameters to include.Nonetheless, the process gives us a greater appreciation for how
these data are linked to the underlying physical and chemical
processes. In 2008, correlations between environmental variables
and the biological data were strengthened when the bycatch of
smaller holozooplankton species and meroplankton in the 505-
mm nets was eliminated.4. Discussion
4.1. Chlorophyll-a and nutrients
As in other oceans, phytoplankton abundance in the Chukchi
Sea is related to water-column irradiance and nutrient concen-
tration (Hill et al., 2005; Lee et al., 2007). Nutrients in surface
waters are depleted rapidly as the ice retreats from the shelf
and the spring bloom occurs. Subsurface chlorophyll peaks of
2–12 mg m–3 have been observed during the spring bloom at the
shelf break north of our study area, followed by low concentra-
tions of chlorophyll and nutrients (Hill et al., 2005), consistent
with our 2008 and 2010 observations. Farther to the south and
west of our study area, chlorophyll-a concentrations in excess
of 200 mg m–2 have been observed, although values below
50 mg m–2 also are common (Lee et al., 2007).
The differences in the nutrient and chlorophyll concentrations
at the study sites among years reﬂect the time of the cruises
relative to the seasonal bloom. Lower nutrient and chlorophyll
concentrations in surface and subsurface waters indicate that the
observations were collected post bloom. Chlorophyll concentra-
tions observed during the 2008–2010 cruises (Table 1) generally
fall within the lower range of historical values from the 1974 to
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captured in early 2008. Their study further suggests that large
gradients of chlorophyll standing stocks can occur through
the Chukchi Sea, with estimated values in the vicinity of the
Klondike, Burger, and Statoil study areas being approximately
80–200 mg m–2.
4.2. Regional zooplankton comparisons
The Chukchi Sea displays a level of diversity similar to, but a
biomass higher than, the adjoining East Siberian (Jaschnov, 1940;
Pavshtiks, 1994) and Beaufort (e.g., Horner, 1981; Lane et al.,
2008) seas. In contrast, the Chukchi Sea has lower diversity than
is present in the nearby vertically-structured Central Arctic Basin,
where depths can exceed 3000 m (e.g., Kosobokova and Hirche,
2000; Kosobokova and Hopcroft, 2010). Most copepod species
recorded in the current study are of subarctic Paciﬁc Ocean and/or
the Bering Sea afﬁnity, rather than the Arctic (Brodsky, 1950,
1957), due to the generally northward advection of waters
through Bering Strait (e.g., Weingartner et al., 2005, 2013). Even
the populations of the copepod C. glacialis, which is normally
considered an arctic species, appear to originate in the northern
Bering Sea (Nelson et al., 2009). In contrast to all other planktonic
groups, the hydrozoan medusae are more arctic in character,
presumably because many species are released only seasonally
into the water-column by the benthic life-stage farther south in
the Chukchi. Nonetheless, the planktonic community’s species-
composition is generally similar to that observed during the
summer ice-free period in this region when similar ﬁne-mesh
(e.g., Springer et al., 1989; Kulikov, 1992; Hopcroft et al., 2010) orcoarse-mesh nets (e.g., Wing, 1974; English and Horner, 1977)
are used.
Our estimates of 2400–7400 holozooplankters m–3 (10.5–103mg
DWm–3) captured by the 150-mm nets and 106–198 m–3
(7.0–33.5 mg DWm–3) captured by the 505-mm net are similar
to those from studies to the southwest of the Klondike and Burger
survey areas where an average of 3500 holozooplankters m–3
(42 mg DWm–3) recently were recorded with 150-mm vertical
nets (Hopcroft et al., 2010). The number of meroplankton observed in
that study (2300m–3) also overlaps our estimates. There is also a
broad range of older biomass estimates for the region, all of them
lower than what we recorded: 2 g DWm–2 for herbivorous
zooplankton north and south of Bering Strait (Springer et al., 1989),
2.5–5.5 g DWm–2 on the US side of the Chukchi Sea (Turco, 1992a,
1992b), and 1.3 g DWm–2 spanning both sides of the Chukchi (Turco,
1992a, 1992b). Additional estimates of 14.8 gWWm–2 (Kulikov,
1992) and 356mgWWm–3 (14.2 gWWm–2 (Pavshtiks, 1984) and
26.8–42.8 gWWm–2 (Matsuno et al., 2011) for all mesozooplankton
spanning the Chukchi Sea are also somewhat lower, if we assume
that DW is 10–15 % of WW (Wiebe et al., 1975). Our 2010 estimates
(33.7–115mg DWm–3) generally exceed the range of recent obser-
vations (3–58mg DWm–3) near the shelf break north of Klondike,
Burger, and Statoil (Lane et al., 2008; Llina´s et al., 2009) and
estimates for the upper 50 m farther into the adjoining basin
(Kosobokova and Hopcroft, 2010).
All of the species observed in this study previously have been
reported for this region, but not within a single study. Our
505-mm data are directly comparable to data from the ISHTAR
(Inner Shelf Transfer and Recycling) program (Springer et al.,
1989; Turco, 1992a, 1992b), which also noted the predominance
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J.M. Questel et al. / Continental Shelf Research 67 (2013) 23–41 35of the herbivorous C. glacialis, Pseudocalanus spp., Acartia long-
iremis, and O. vanhoeffeni. In addition to differences between
plankton-net mesh-sizes, detailed comparison with many pre-
vious studies also requires an understanding of changes in
taxonomic resolution (e.g., Pseudocalanus (Frost, 1989); Neocala-
nus (Miller, 1988); Calanus (Frost, 1974)). Even today, routine
morphological separation of several of these species is difﬁcult
(Llina´s, 2007; Lane et al., 2008), and molecular analyses are
forcing us to reshape our views on ranges of even larger species
such as Calanus (Nelson et al., 2009). Other holoplanktonic
crustacean groups, such as euphausiids and cladocerans, present
less of a taxonomic challenge, although they are not always
reported to the species level. Non-crustacean groups have been
recorded with variable resolution and proﬁciency in previous
studies. This study is consistent with an emerging realization that
considerable populations of larvaceans, speciﬁcally the large arctic
O. vanhoeffeni and the much smaller polar/subpolar F. borealis, are
present in both the northern Bering and Chukchi Seas (e.g., Kulikov,
1992; Lane et al., 2008; Hopcroft et al., 2010) and at times reach a
biomass greater than that of crustaceans (Springer et al., 1989;
Shiga et al., 1998; Hopcroft et al., 2010).
The dominant predators in terms of abundance and biomass
were the chaetognaths, here exclusively P. elegans, consistent
with other studies from the region (e.g., Cooney, 1977; Springer
et al., 1989; Kulikov, 1992; Lane et al., 2008; Hopcroft et al.,
2010). Consistent with these studies, there also was considerable
biomass of both small and large gelatinous organisms: A. digitale,
Aeginopsis laurentii, Catablema vesicarium, and Rathkea octopunctata
were most common, but larger species periodically were captured,
although they were poorly quantiﬁed.Suspension-feeding meroplanktonic larvae of benthic organ-
isms were extremely common throughout the sampling region in
all three years. High abundances of meroplankton are typical of
the summer plankton community in this region (e.g., Cooney,
1977; Springer et al., 1989; Kulikov, 1992; Lane et al., 2008;
Hopcroft et al., 2010), and knowledge of their distribution and
abundance likely reﬂects variability in the reproduction and
recruitment of these rich benthic communities (Bluhm et al.,
2009; Blanchard et al., 2013a, 2013b). Although the abundance of
some meroplanktonic groups such as barnacle larvae remained
consistent across study years, the abundance of other groups such
as bivalve, polychaete, and echinoderm larvae was highly vari-
able, suggesting they are inﬂuenced by varying temperature and
food conditions. Given their apparently large contribution to the
zooplankton biomass in the survey areas, appropriate length–
weight relationships for meroplanktonic groups need to be
established to understand better their importance in ecosystem
energetics.
4.3. Zooplankton community patterns
The spatial distribution of the zooplankton communities in the
Chukchi Sea frequently has been tied to the different water masses
in this region. Such patterns were ﬁrst recognized by Russian
researchers as early as the 1930s (Stepanova, 1937a, b), and were
later reﬁned by continued Russian efforts (e.g., Pavshtiks, 1984) that
identiﬁed at least three water masses in the region. The observed
community patterns in the Chukchi Sea are to a large extent a
continuation of patterns observed in the northern Bering Sea (see
review by Coyle et al., 1996). Although the ﬁrst years of the ISHTAR
Fig. 9. (a) Abundance of the dominant copepod species during each survey grid in the Chukchi Sea spanning the 2008–2010 seasons as captured by the 150-mm net. The
black or white line through the box is the sample median; gray line is the mean, limits of the box are the 25th and 75th percentile. Whiskers are the 10th and 90th
percentiles and the single points are the 5th and 95th percentiles. Features may be absent where number of samples with occurrence is low. Month reﬂects timeframe
when majority of samples were collected. (b) Abundance of the small copepod Onceae, and the dominant larvacean species and meroplankton groups during each survey
grid in the Chukchi Sea spanning the 2008–2010 seasons as captured by the 150–mm net.
J.M. Questel et al. / Continental Shelf Research 67 (2013) 23–4136program were restricted to sampling in US waters, oceanic Anadyr
Water, neritic Bering Shelf Water, and low-salinity Alaska Coastal
Water were recognized south of Bering Strait (Springer et al., 1989).Cross-basin studies by the international BERPAC (Bering-Paciﬁc)
program also identiﬁed three zooplankton clusters within the
Chukchi Sea but failed to articulate their species assemblages or
Fig. 10. Abundance of the dominant zooplankton species, during each survey grid in the Chukchi Sea spanning the 2008–2010 seasons as captured by the 505-mm net.
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sampling in the southern and western Chukchi Sea also conﬁrms
strong ties to water masses (Hopcroft et al., 2010).
Despite the proximity of the survey areas, we frequently were
able to separate them based on community structure and were
able to detect a seasonal evolution to the communities. Within
years, temperature and, to a lesser degree, salinity and in situ
chlorophyll ﬂuorescence are variably correlated with community
structure. Notably, the study area appears to have little direct
inﬂuence from the Alaska Coastal Current (i.e., Hopcroft et al.,
2010), although coastal species (e.g., Podon leuckartii, Evadne
nordmanni, Acartia hudsonica, and Eurytemora spp.) were recorded
in low numbers throughout our study areas.
4.4. Interannual patterns in zooplankton communities
Prior observations in the Chukchi Sea have shown large
interannual variability in the abundance and biomass of plankton
communities (Turco, 1992a, 1992b). The most striking feature of
the zooplankton community from 2008 to 2010 was the large
increase in the abundance of several ecologically important
suspension-feeding copepod species (Calanus and Pseudocalanus),
microzooplanktonic predatory copepods (Acartia and Oithona), all
categories of meroplankton, omnivorous euphausiids, and plank-
tonic predators. It is particularly notable that overall increases in
copepod abundance and biomass occurred in the large lipid-rich
species that should be of greatest value to those vertebrates
feeding on zooplankton. Large increases in the abundance of
planktonic predators – most notably the ctenophore M. ovum,the cnidarian A. digitale, and the chaetognath P. elegans – are a
likely result of the increased availability of their prey. The huge
spikes in meroplankton abundance in August/September of 2010
also suggest that it was a productive year and that the benthos
had received a considerable supply of food earlier in the season.
The only notable species whose abundance did not increase in
2010 was the larvacean F. borealis.
We postulate that the interannual variability observed in the
planktonic communities from 2008 to 2010 is related to a
combination of both physical parameters observed at the study
area and the intensity of physical advection from Bering Strait.
Sea-surface temperatures (SSTs) in 2008 were low throughout the
entire summer at Burger (i.e., generally o1 1C) but warmed over
the summer at Klondike, reaching temperatures of up to 6 1C
(Weingartner et al., 2013). These cold SSTs retarded zooplankton
growth and development, resulting in lower abundances and
smaller body sizes across all major taxa. In 2009, ice retreat was
earlier than the previous year, and SSTs already were 5–7 1C in
Klondike and only slightly cooler at Burger by the July/August
cruise. Temperatures declined slowly over subsequent 2009
cruises, but there was noticeably more ‘‘heat’’ in the system
during 2009 and 2010, with the July/August 2009 average
water-column temperatures in Klondike being the highest
recorded across all years and all study areas (Weingartner et al.,
2013). Warmer temperatures in 2009 should have favored the
growth and reproduction of subarctic zooplankton (Liu and
Hopcroft, 2008), contributing to the higher abundance of zoo-
plankton in 2009 than in 2008 (i.e., a doubling in 150-mm net
abundances). Such temperature increases appear to have
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Fig. 11. Average size-spectra of the copepod community captured by the 150-mm net for each survey year in the Chukchi Sea across all collections. Data are sorted into
50-mm wide bins and gaps reﬂect an absence of data in that bin within the portion of samples examined.
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Fig. 12. Average size–spectra of the copepod community captured by the 505-mm net for each survey year in the Chukchi Sea across all collections.
J.M. Questel et al. / Continental Shelf Research 67 (2013) 23–4138supported more energy-rich, larger-bodied zooplankton earlier in
the 2009 season, yet the chronically low concentrations of
chlorophyll and nutrients over the entire summer suggest that
grazing zooplankton would ingest little of their body carbon daily
(Campbell et al., 2009) and that production rates would be low(Plourde et al., 2005) throughout most of the season. In 2010, ice
retreat was slow at ﬁrst but accelerated later, and SSTs warmed
rapidly to as much as 8 1C. Similar to 2008, we captured some of
the spring bloom signal in 2010; however, unlike 2009, nutrients
persisted in the system at Burger and Statoil, maintaining
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Fig. 13. Spatial distribution of the Bray–Curtis similarity clusters for the zooplankton communities in the northeastern Chukchi Sea collected by the 150-mm and 505-mm
nets from 2008 to 2010 (A and C) with centroids displaying spatial movement within seasons for each study site (B and D). Symbols and colors are consistent for each grid/
station/month combination.
Table 4
Relationships between environmental variables and abundance of zooplankton communities in the northeastern Chukchi Sea, observed by the 150- and 505-mm nets. The
most explanatory variables for an increasing number of factors are presented, along with their Spearman’s Rank correlation. T—temperature, S—salinity, F—ﬂuorescence,
MLD—mixed layer depth, bMLD—below mixed layer depth, #V—number of variables.
ALL years (2008–2010) 2008
#V 150-lm net 505-lm net 150-lm net 505-lm net
1 T-bottom (0.353) T-bottom (0.300) T-bottom (0.451) F-MLD (0.217)
T-bMLD (0.321) T-bMLD (0.284) T-bMLD (0.444) Integral Chlorophyll (0.193)
2 T-bottom, S-bottom (0.375) T-bottom, T-bMLD (0.333) T-bottom, T-bMLD (0.460) T-top, F-MLD (0.282)
T-top, T-bottom (0.375) S-bottom, T-bMLD (0.311) T-bottom, S-bottom (0.445) T-bMLD, F-MLD (0.275)
T-bottom, F-mean (0.371) T-bottom, S-bottom (0.301) T-bottom, F-MLD (0.428) T-bottom, F-MLD (0.274)
3 T-top, T-bottom, F-bMLD (0.397) T-bottom, S-bottom, T-bMLD, (0.330) T-bottom, T-bMLB, F-MLD (0.477) S-top, T-bottom, F-MLD (0.289)
T-top, T-bottom, F-MLD (0.384) T-bottom, T-bMLD, F-bMLD (0.322) T-bottom, T-bMLB, F-bMLD (0.477) S-top, T-bMLD, F-MLD (0.288)
T-bottom, T-bMLD, MLD (0.317) T-bottom, S-bottom, T-bMLD (0.457) T-top, F-MLD, F-bMLD (0.286)
2009 2010
150-lm net 505-lm net 150-lm net 505-lm net
1 F-MLD (0.290) F-bMLD (0.253) T-bottom (0.478) T-top (0.439)
F-bMLD (0.282) F-MLD (0.240) S-top (0.476) T-bottom (0.421)
2 F-MLD, F-bMLD (0.358) F-MLD, F-bMLD (0.311) S-top, T-bMLD (0.577) T-top, S-bottom (0.511)
S-top, F-MLD (0.346) T-top, F-bMLD (0.292) S-top, T-bottom (0.572) S-top, T-bottom (0.498)
T-top, S-top (0.330) T-bottom, F-bMLD (0.292) T-bottom, F-MLD (0.540) T-top, T-bottom (0.488)
3 T-top, F-MLD, F-bMLD (0.388) T-top, F-MLD, F-bMLD (0.350) S-top, S-bottom, T-bMLD (0.595) S-top, S-bottom, F-bMLD (0.531)
T-bMLD, F-MLD, F-bMLD (0.378) T-bMLD, F-MLD, F-bMLD (0.339) S-top, T-bMLD, F-MLD (0.593) T-top, S-bottom, F-MLD (0.530)
T-top, S-top, F-MLD (0.373) T-bottom, F-MLD, F-bMLD (0.329) S-top, T-bMLD, F-mean (0.578) T-top, S-top, S-bottom (0.524)
J.M. Questel et al. / Continental Shelf Research 67 (2013) 23–41 39intermediate concentrations of chlorophyll upon which zooplank-
ton could feed, grow, and reproduce at higher rates. The extent
and duration of ice-free zones during May–July also shows
signiﬁcant interannual variability (Weingartner et al., 2013) and
may be important in priming the productivity of the zooplankton
communities prior to our period of observation.
Changes in the abundance and relative contribution of crusta-
cean and non-crustacean zooplankton, especially larger-bodiedcopepods and euphausiids, can help us to interpret the degree of
dissimilarity in community structure from 2008 to 2010. We
speculate that several larger species became progressively more
abundant from 2008 to 2010 because the ‘‘productive’’ season
started earlier in 2009 and 2010, yielding oceanographic condi-
tions (especially temperatures) that were more optimal for their
growth and/or reproduction throughout the study region and
waters being advected in from the south. These factors placed
J.M. Questel et al. / Continental Shelf Research 67 (2013) 23–4140populations of larger crustacean zooplankton in the survey areas
sooner than in 2008 and at a time when they could be usefully
exploited by ﬁshes, planktivorous seabirds, and other higher
trophic levels. These differences likely contributed to the con-
trasting seabird populations observed between 2008 and 2009
(Gall et al., 2013) but do not explain why seabirds failed to
capitalize better on the dramatic 2010 increases in zooplankton
abundance. Interestingly, when comparing the temporal evolu-
tion of the communities outlined by the centroids in the MDS
plots (Figs. 14 and 15) with the heat budget calculated
(Weingartner et al., 2013), we see a striking resemblance in
patterns, reinforcing our speculations about the importance of
temperature in the seasonal evolution of zooplankton commu-
nities in high-latitude systems.5. Conclusions
We believe that the variations in water temperature and timing
of the phytoplankton bloom in 2008–2010 resulted in large diffe-
rences in both seasonally and spatially averaged zooplankton
abundance and biomass. It is likely that both the intensity of
zooplankton transport from more southern waters and down-
stream productivity are also important. Sampling during three
consecutive years has allowed us to recognize the level of inter-
and intraannual variability of a plankton community that primarily
is Paciﬁc in faunal character. Future surveys will help to further
reﬁne the scales of spatial and interannual variability.
Compounding the large degree of seasonality and intraannual
variations that occur within the region, sampling location also
inﬂuences the biological community observed. Thus, a spatially
consistent sampling design is essential for separating ecological
patterns driven by site-speciﬁc conditions from longer-term
climatological shifts. The use of a consistent sampling protocol
allowed us to detect differences in both the timing and magnitude
of the planktonic communities and other interconnected ecosys-
tem components (Blanchard et al., 2013a, 2013b; Gall et al., 2013)
and place them in a larger ecosystem perspective (Day et al.,
2013). Alterations to water-column productivity due to interann-
ual variability, long-term climate change, or human activity could
have direct impacts on this ecosystem. The data collected through
this program, combined with historical and regional data, provide
us with direct observations of community composition and
biomass; these are the fundamental elements for comparing
temporal variation in biological communities with environmental
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